ABSTRACT: Direct anterior approach (DAA) with the patient lying supine has facilitated the use of intraoperative fluoroscopy and allows for standardized positioning of the patient. The current study presents a new technique to measure acetabular component anteversion using intraoperative fluoroscopy. The current paper describes a mathematical formula to calculate true acetabular component anteversion based on the acetabular component abduction angle and the c-arm tilt angle (CaT). The CaT is determined by tilting the c-arm until an external pelvic oblique radiograph with the equatorial plane of the acetabular component perpendicular to the fluoroscopy receptor is obtained. CaT is determined by direct reading on the C-arm device. The technique was validated using a radiopaque synbone model comparing the described technique to computed tomography anteversion measurement. The experiment was repeated 25 times. The difference in anteversion between the two measuring techniques was on average 0.2˚(range À3.0-3.1). The linear regression coefficients evaluating the agreement between the experimental and control methods were 0.99 (95%CI 0.88-1.10, p < 0.001) and 0.33 (95%CI À1.53-2.20, p ¼ 0.713) for the slope and intercept, respectively. The current study confirms that the described three-step c-arm acetabular cup measuring technique can reproducibly and reliably assess acetabular component anteversion in the supine position, as compared to CT-imaging. ß
Implants positioning is of crucial importance in primary total hip arthroplasty (THA). Acetabular cup position is described by its center of rotation (acetabular component offset), its anteversion (CV), and its inclination (CI, also termed abduction). Incorrect acetabular cup placement is associated with higher dislocation rates, 1,2 range of motion limitations due to impingement, 3 eccentric polyethylene wear, 4 and ultimately, higher rates of revision. 5 Conventional techniques used to determine acetabular cup position include external alignment guides, free-hand positioning, and the use of anatomic landmarks. 6 Previous studies demonstrated that these techniques allow for correct positioning of the acetabular component in the target zone in only 50-86% of the cases. [7] [8] [9] [10] [11] In order to avoid implant malpositioning, a variety of imageless and image-based navigation techniques have been developed.
Perioperative imageless techniques are primarily based on infrared optical stereoscopy: an optical localizer captures the position of an optical tracker, which is fixed to the patient thus allowing for the threedimensional tracking of tools and prosthetic components. These methods do not expose the patient to radiation nor do they require a specific patient position, but they necessitate costly dedicated hardware and perioperative registration and calibration procedures that are time consuming. In combination with surface mapping based on Computer Tomography (CT) images this technology is also used in robotic assisted surgery. 12 Direct anterior approach (DAA) with the patient lying in a supine position facilitates the use of intraoperative fluoroscopy. Fluoroscopic control during THA provides standardized anterior posterior (AP) images of the hip, which can improve acetabular cup placement. 13 However, the assessment of the CV angle has proven to be more complicated. Image-based techniques 14 relying on standardized AP pelvic films such as those introduced by Lewinnek 2 and Liaw 15 have been validated but are not easily available intraoperatively. The current paper reports and validates a simple method to determine acetabular anteversion using intraoperative fluoroscopy for patients undergoing anterior or anterolateral THA in a supine position.
MATERIALS AND METHODS
Cup Orientation Definition CV and CI refer to Murray's 16 radiographic definition of anteversion and inclination (Fig. 1) . CV is defined as the angle between the vector perpendicular to the equatorial plane of the cup and the coronal plane. CI is defined as the angle between the sagittal plane and the projection of the vector perpendicular to the equatorial plane of the cup on the coronal plane. Murray's definition of the anatomic anteversion angle (aCV) corresponds to the angle between the coronal plane and the projection of the vector perpendicular to the equatorial plane of the cup on the transverse plane. As CV and aCV are different projections of the same vector, they are dependent and bound by the relation
This relation proved useful to compare experimental and control (CT-scan) cup anteversion assessment methods because the evaluation of CV on CT-scan images is challenging whereas the measurement aCV is straightforward (Fig. 2) .
Intraoperative Technique
The following three-step anteversion measurement technique requires the patients to be in a supine position with the longitudinal axis of the body parallel to the table. The fluoroscopy is positioned perpendicular to this axis (Fig. 3A ).
An AP pelvic view is taken (Fig. 3B) . By equalizing the size of the obturator foramina and aligning the sacrum with the pubic symphysis the pelvis is placed in neutral position. The acetabular component abduction angle can be either measured with a protractor or visually evaluated on the fluoroscopy monitor. Now the c-arm is centered over the hip and gradually tilted away from the operated side in the same way one would do to obtain an external oblique view of the pelvis ( Fig. 4A and B) , until the equatorial plane of the cup lays perpendicular to the plane of the fluoroscopy receptor. In this position, the ellipse formed by the acetabular rim turns into a line (Fig. 4B) . The c-arm tilt (CaT) angle, which corresponds to anatomic anteversion angle (aCV), is determined by direct reading on the c-arm.
The following equation expresses the CV as a function of the CI and the CaT angle (see mathematical model):
To simplify the acetabular anteversion (CV) angle measurement, the acetabular inclination (CI), and C-arm tilt angle (CaT) can be reported on the chart presented in Figure 5 , which allows for easy identification of the corresponding CV angle without using a calculator. and secured using a special rubber tape. The current CV evaluation technique (experimental) was compared to CTscan measurements of acetabular anteversion (CV). The pelvic model was positioned supine on a radiolucent CT-scan table. Care was taken to securely fix the pelvis on the table, so that the supine pelvic tilt angle did not vary between the fluoroscopic and CT measurements and resembled normal pelvic tilt. The pelvis was also corrected for any lateral tilt by equalizing the size of the obturator foramen and aligning the sacrum with the pubic symphysis. A c-arm (Ziehm Vision 1 , Ziehm imaging GMBH, Germany) was placed perpendicular to the table. An AP pelvis radiograph ( Fig. 3B ) and the c-arm tilt angle were obtained (Fig. 4B ). Once the c-arm assessment was completed, CT-scan imaging of the pelvic model was obtained (64-MDCT scanner Discovery 750 HD, GE Healthcare, U.K.). Finally, the acetabular component position was randomly changed and the experiment was repeated 25 times.
Validation of Concept
Using a multipurpose DICOM viewer (OsiriX, Pixmeo Labs, Geneva, Switzerland), the CI was measured on the c-arm AP radiograph (angle between a reference line passing through the teardrops and the longitudinal axis of the cup), and the CV was calculated based on the described formula. With the same DICOM viewer, using appropriate window settings (window level 300 and window width 2000), the aCV angle was evaluated on CT-scan images (Fig. 2) by an experienced radiologist (SB) who was blinded to the results of the experimental CV angles measurements. aCV corresponds to the angle between a reference line passing through the ischial spines and a line perpendicular to the equatorial plane of the cup. The control CV angle was computed and compared to the experimental CV angle.
Descriptive statistics were obtained for angles as well as for time lapse and number of images. The association of the control and experimental CV angles was evaluated graphically in a scatter plot and further assessed in a BlandAltman plot with limits of agreement located at AE 1.96 standard deviations (SD). Finally, the agreement between both methods was assessed using a linear regression method. Tests results with p values 0.05 (two-tailed) were considered significant. Statistical analysis was conducted using Stata 1 13 (StataCorp, College Station, TX).
Mathematical Concept
The x-axis of the three-dimensional frame is perpendicular to the sagittal plane (Fig. 3A, red arrow) , the y-axis parallel to the cranio-caudal axis of the body of the patient (Fig. 3A , green arrow) and the z-axis perpendicular to the coronal plane (Fig. 3A, blue arrow) .
The equatorial plane of the cup, p rim , passing through the origin, is defined by the inclination angle CI and anteversion angle CV (Fig. 1) . The unit vector normal to this planeñ rim is expressed as follows in the xyz coordinate system: 
INTRAOPERATIVE CUP ANTEVERSION MEASUREMENT
The acetabular cup rim becomes a line and no longer appears elliptical when the plane of the image amplifier p ia is perpendicular to p rim . This condition is obtained when p ia is defined by the vectorsñ rim andỹ ¼ 010 ½ (as the c-arm is tilted around the y-axis). The vector normal to p ia ,ñ ia is equal to the cross product ofñ rim andỹ. Therefore,
The c-arm tilt angle CaT that needs to be applied to the c-arm to make the plane of the image amplifier perpendicular to the plane of the cup rim is the angle between the vector n ia and the z-axis. Consequently,
This formula leads to the relation between the inclination angle (expressed in degrees) CI 20 ; 90, the anteversion angle CV 2 0 ; 90 ½ , and the c-arm tilt angle CaT:
Using trigonometric identities, (1) can be rewritten as follows:
Equation (1) can also be rewritten to express CV as the dependent variable:
The numerical application of this formula can be reported on a chart (Fig. 5 ) to determine the anteversion angle when the acetabular CI and CaT angles are known.
Equation (1) and the subsequent curves presented in Figure 5 demonstrate that the c-arm tilt angle necessary for the acetabular rim ellipse to appear linear tends towards the anteversion angle when the inclination angle tends towards 90˚. Reciprocally, the lower the abduction angle, the greater is the difference between the c-arm tilt angle and the anteversion angle.
RESULTS
The cup position was changed 25 times. The mean CI angle (SD, range) was 37.7˚(6.2, 23-49). The mean CV angle (SD, range) measured with the experimental technique was 16.3˚(7.1, 3.5-31.8). The mean CV angle (SD, range) determined using CT imaging was 16.1˚(6.9, 4.3-34.0).
The CV angle measured with the current technique was on average 0.2˚(range À3.0 to 3.1) greater than the CV angle measured using the control method. The scatter plot of experimental versus control CV angles shows excellent correlation between the two methods (Fig. 6) . The agreement between the measures was assessed with a Bland-Altman plot (Fig. 7) . None of the 25 measurements lay outside the limits of agreement. The linear regression coefficients evaluating the agreement between the experimental and control methods were 0.99 (95%CI 0.88-1.10, p < 0.001) and 0.33 (95%CI À1.53-2.20, p ¼ 0.713) for the slope and intercept, respectively. The agreement between both method, is, therefore excellent.
DISCUSSION
The current study confirms that the described threestep c-arm acetabular cup positioning technique can reliably assess acetabular component anteversion in the supine position, as compared to CT-imaging.
Acetabular cup positioning has been given increasing attention since total hip arthroplasty was introduced. In 1978, Lewinnek et al. 2 reported an increased rate of dislocations in patients who had an acetabular component positioned outside the "safe zone" corresponding to 30-50˚inclination and 5-25˚anteversion, and recommended to position the cup within these ranges. Since then, the existence of a universal safe zone has been questioned and recent studies reported that THA dislocations are more likely multifactorial and can occur with cups positioned within the so called safe zone. [17] [18] [19] Nevertheless, guidelines issued by researchers and implant manufacturers recommend an acetabular cup position corresponding approximately to Lewinnek's safe zone. 20 Published articles also report that a large percentage of cups are positioned outside the reported safe zone [7] [8] [9] [10] 19 and even experienced surgeons report outliers in more than 10% of cases. Imaging tools capable of assessing the postoperative cup position have been developed. Among those, CT-scan remains the gold standard when very accurate measurements or advanced biomechanical studies are necessary. 22 In order to verify the postoperative implant position in a routine manner, conventional imaging is generally sufficient, as the CI and CV angles can be directly assessed on AP and cross-table radiographs, 16 respectively. Techniques aiming at evaluating the CV angle on AP pelvic radiographs have been developed over the years. A study by Nho et al. 23 assessed six techniques based on conventional AP radiographs and compared them to CT-scan measurements. These techniques take advantage of the hemispherical nature of the cup. They demonstrated that the methods proposed by Lewinnek, 2 Hassan, 24 and Liaw 15 are reliable and correlate well with CT-scan measurements. The main constraints of these techniques are that they require: (i) a standardized AP view of sufficient quality, and (ii) accurate "on-film" measurements (either with a ruler and/or protractor, or with help of a dedicated software). Placing the patient in a lateral position as required for the posterior approach has increased the variability in CV and CI angle measurements between peri-and postoperative images up to 15˚. 25 The development of DAA THA with the patient in a supine position on a radiolucent operating table has greatly facilitated the use of intraoperative fluoroscopy. Rathod et al. 26 achieved better cup positioning while performing DAA THA with c-arm assistance (using the method of Liaw et al. to assess CV) than through a posterior approach. Targeted CI and CV angles were respectively within the targeted range in 98-97% of the cases with DAA versus only 86-77% for the posterior approach. In a recent study using a similar design, our method demonstrated comparable results while avoiding perioperative on-screen measurements. 27 The current paper has the following limitations: (i) The validity of the method was demonstrated under experimental conditions using an opaque synbone model and not in a real surgical setting; (ii) The inclination angle was measured with a dedicated software and not with a protractor; (iii) There is a small chance that the acetabular component could have moved in between measurements. In this study, the cup was securely fixed using a piece of special rubber, and no movements of the acetabular component were observed during the procedure; (iv) The technique relies on neutral position of the pelvis. The size of the obturator foramina should be equal. One degree error in pelvis rotation corresponds to a one degree error in the CaT angle; (v) Rotation of the pelvis around the z-axis can alter the measurements. A one degree error around the z-axis corresponds to an error of one degree in the cup abduction angle. This error can be controlled by making sure that the patient is parallel to the longitudinal axis of the table and assuring, that the forward tilt resembles the tilt on the preoperative standing PA pelvis radiograph; and (vi) The surgeon needs to assure that the position of the pelvis is not changed when re-entering the C-arm over the hip and impacting the acetabular component.
In summary, the current paper describes a simple and accurate technique to intraoperatively determine acetabular component anteversion. By tilting the c-arm to align the face of the acetabular component perpendicular to the C-arm the anteversion can be calculated of the tilt angle and acetabular inclination. The current technique is highly accurate as long as neutral pelvis position is ensured. The current paper presents the in vitro validation of the technique. Its in vivo accuracy has been recently published and supports the conclusion of the current paper. 27 
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